Cell penetrating peptides (CPPs) have been successful in delivering cargo into many different cell types and are an important alternative to other methods of permeation that might damage the integrity of the cell membrane. The traditional view of CPPs is that they are inert molecules that can be successfully used to deliver many cargos intracellularly. The goal of this review is to challenge this traditional understanding of CPPs. Recent literature has demonstrated that CPPs themselves can convey biological activity, including the alteration of gene expression and inhibition of protein kinases and proteolytic activity. Further characterization of CPPs is required to determine the extent of this activity. Research into the use of CPPs for intracellular delivery should continue with investigators being aware of these recent results.
Introduction
Cell penetrating peptides (CPPs) have successfully delivered a variety of cargo to the interior of cells, including peptides, antibodies (1, 2) , nanoparticles (3), oligonucleotides (4), siRNA (5), adenoviruses (6) , and DNA for more than two decades (7, 8) . CPPs circumvent the need for permeation methods such as electroporation and chemical transfection that might damage the cell membrane. CPPs, which have also been referred to as protein transduction domains, are typically defined as less than 30 amino acids in length, are amphipathic, contain a net positive charge, and most importantly, can deliver cargo across the plasma cell membrane.
Several hydrophobic CPP sequences have also been identified.
The most widely used CPP for cargo delivery is the human immunodeficiency virus-transactivator of transcription (HIVTat or simply, Tat). The ability of Tat to cross the cell membrane was discovered in 1988 by two separate research groups (9, 10) . Nine years later, Vives et al. identified the minimum amino acid sequence required for Tat to transduce the cell membrane (11) . Antennapedia (Antp), which is a 16-amino acid CPP from a Drosophila transcription factor, was the first CPP used to demonstrate in vitro intracellular protein delivery (12) . In 1999, Schwarze et al. reported the ability of Tat to deliver cargo in vivo (13) . Once the potential of CPPs was discovered, investigators focused on expanding the repertoire of CPPs in an effort to maximize transduction efficiency of various cargos.
Uptake of CPPs is traditionally confirmed with visualization of fluorescently labeled peptides within cells, either with microscopy or fluorescence-activated cell sorting (FACs). Transduction can only be confirmed once cells have been treated with proteases and a fluorescent quenching technique to remove any residual peptide binding to the cell surface (14) . Cells must be alive during visualization because the process of fixation has been shown to alter the distribution of CPPs within the cell (14) . Although microscopy and FACs have been widely used within the literature to confirm CPP transduction, two disadvantages have been identified with these systems. First, the utilization of FACs or microscopy significantly overestimates the amount of peptide that permeates the cell membrane (15) . Both FACS and microscopy are unable to differentiate between peptide that is localized within endocytotic vesicles and peptide that has exited into the cell cytoplasm. Escape from endocytotic vesicles is often required for the delivered cargo to exert its effect. To overcome this limitation, investigators have turned to functional assays that can confirm the transduction of peptides. However, functional assays often do not allow for the quantification of CPP efficiency. Phenotypic assays that utilize the Cre-LoxP system have recently been used to quantify the amount of CPP that effectively transduces into the cell cytoplasm (15) . The second problem with the use of fluorophores is that they can change the mechanism of translocation of CPPs by affecting the structure (conformation or flexibility) of the CPPs, which in turn could affect uptake, toxicity, or intracellular distribution (16, 17) .
The mechanism by which CPPs are able to translocate into the cell cytoplasm has been an issue of debate since CPPs were discovered. It is generally agreed that CPP uptake occurs via non-receptor mediated endocytosis. However, clarifying whether it occurs through clathrin, caveolae, or macropinocytosis is still highly controversial. The specific pathway of endocytosis is dependent upon several factors including the amino acid sequence of the CPP, the cargo being delivered, the extracellular peptide concentration, and the proteoglycan concentration on the cell surface (18, 19) . Recently, Gump et al. investigated the effect of surface glycosaminoglycans and sialic acid on the transduction of Tat (15) . A deficiency in surface sialic acids and glycosaminoglycans significantly reduced Tat uptake but did not entirely inhibit transduction. Interestingly, the enzymatic removal of all cell surface proteins completely inhibited the uptake of Tat (15) . The identity of these crucial cell surface proteins has yet to be discovered, and the importance of these proteins in the uptake of other CPPs has not yet been explored.
Although the mechanism of transduction of CPPs is still highly controversial, it is accepted that CPPs can successfully deliver cargo, such as bioactive peptides, into a wide variety of cells. Several investigators have been interested in delivering pro-apoptotic peptides as a means of inhibiting the growth of cancer cells (20) (21) (22) . Others have used CPPs to inhibit kinases crucial for the proliferation of cancer cells (23, 24) . Table 1 shows a list of known CPPs. The list is by no means comprehensive, but gives an idea of the variety and number of CPPs that exist. The more well-known CPPs (e.g., Tat and Antp) have several references where the CPP was used to successfully deliver cargo into cell. The references cited within the table were an attempt at citing those articles that first published the ability of each CPP to deliver cargo within cells. It is important to note that some of the cited papers in Table 1 were published before discovering the effects of cell fixation and the importance of using enzymes and a fluorescent quenching technique to visualize CPPs within the cell.
Traditionally, CPPs have been regarded as inert molecules that are void of biological activity. This statement is supported by the multitude of publications that simply add a cell-penetrating domain to the cargo of interest to achieve intracellular delivery. However, an important issue regarding CPPs that is often overlooked within the literature is that CPPs themselves can convey biological activity. Not only have CPPs demonstrated differences in effectiveness between cell lines (22, 61) , but also CPPs have been shown to affect protein function and gene expression. This review will highlight recent research that has found CPPs to be biologically active. As we proceed forward with CPP research, it is crucial to be aware of the potential effects that CPPs themselves might have.
Body of Literature Review
Since the discovery that CPPs can be used to deliver cargo across the cell membrane, delivery of a variety of compounds including bioactive peptides, proteins, DNA, siRNA and particles, has been studied. The majority of these studies validate delivery of the bioactive compound by probing for the anticipated biological activity. However, until recently, few studies have investigated whether the CPPs themselves might convey some unintended or undesirable biological activity. Within the past few years, studies have shown that CPPs can inhibit proteolytic activity (62) (63) (64) (65) , modulate the metabolic profile of cells (66), alter gene expression (67) and inhibit kinase activity (31) . The biological activity is clearly related to the CPP sequence and some CPPs show only marginal unintended biological activity.
As we strive to utilize large molecules and other entities that have traditionally been difficult to transport across the cell membrane, we must proceed with caution. It is crucial that not only the intended biological outcome be probed, but also unintended activity. In most cases, only moderate unintended activity can be seen as in the case of CPP YARAAARQARA (47) and its inhibition of kinase function (31) ; but in other cases, such as the use of the modified heparin-binding peptide, WLRRIKAWLRRIKA used to deliver peptide kinase inhibitors, wide scale nonspecific kinase activity is obtained, thus effecting the measured biological outcomes (31) . Not only can this unintended biological activity lead to side effects for the therapeutic application, but it could also convey misleading information about cell behavior, cell signaling, and other biological activities.
Recent evidence suggests that in some cases, CPPs can inhibit protease functions. Research on peptides rich in basic amino acids shows that they are potent inhibitors of proprotein convertases (PCs) (64) . The PCs are calcium-dependant subtilisin/kexin-related serine endopeptidases, which are central to several cellular functions including activation of proteins in the secretory pathway. Through screening of both Land D-hexapeptide libraries, Fugere et al. examined the inhibition of PC7 and PC5/6 specifically. Overall, they found a strong preference for basic amino acids in each of the six positions of the hexapeptide. In addition, there was a strong preference for tryptophan (4th most probable amino acid) at positions 5 and 6. Quoting directly from the conclusions, 'We believe that certain poly-arginine peptides, including nona-D-arginine, are interesting compounds for the blockade of PC activity in therapeutic strategies, but only if the treatment of the pathological condition requires the inhibition of several PCs of the constitutive secretory pathway (i.e., furin, PACE4, PC5/6 and PC7).' These findings are consistent with polyargine inhibition of Furin, a related endoprotease (62) .
Interestingly, Kloss et al. specifically studied the effects of the CPP octa-arginine on proteasome activity (65) . This careful study showed that increasing polyarginine chain length from four residues to eight residues increased the inhibitory activity. Although one can assume that because the polyarginines are exposed to many different proteases within the cell they will be degraded rapidly, several studies demonstrating that polyarginines and polybasic amino acids are able to inhibit many intracellular proteases suggest that the peptides might survive for extended periods of time within the cell and could have unintended activities. The consequence of this strong proteasome inhibition discovered by Kloss et al. might be a decrease in both ubiquitin-related and ubiquitin-independent proteolytic activity. General intracellular protease inhibition can affect several cellular activities including cell growth and metabolism. Further evidence that polyarginines might have properties in addition to their ability to carry cargo across the cell membrane comes from a study by Horn et al. (63) . They found that arginine-rich peptides inhibit cathepsin C. They also used a peptide library to screen for inhibitors. Peptide sequences containing a minimum of three sequential arginine residues showed IC 50 values in the tens of micromolar range.
Additionally, Delaroche et al. found that the arginine-and tryptophan-rich CPPs (R/W)16 (RRWRRWWRRWWRR-WRR), (R/W)9 (RRWWRRWRR), and R9 (RRRRRRRRR) (26) . ScFV(L19) is a human antibody fragment to the ED-B domain of fibronectin, a marker of angiogenesis that has tumor targeting properties. Addition of TAT to ScFV(L19) increased the ability of the antibody to transduce into cells, but inhibited the tumor targeting ability of the antibody. After 24 h, mice injected with SCFV(L19) accumulated 8% of the injected dose at the tumor site, whereas only 0.5% was found at the site of the tumor with the addition of Tat CPP (26) .
Additional evidence that more needs to be learned about the biological activity that some CPPs themselves convey comes from work by Kilk et al. (66) . Using a technique long used in drug development, they examined the metabolic profile of Chinese hamster ovary (CHO) cells before and after treatment with each of five known cell-penetrating peptides. The five peptides examined include Tat, Antp, transportin (TP), MAP and R9 (see Table 1 for sequences). The investigators used metabolic profiling as a method to determine the safety and toxicity of drugs. Initial studies looked at untargeted profiling, or profiling of a broad panel of metabolites to determine if there were varying unknown biological activities among the different cell-penetrating peptides. The study demonstrated that the long-term effects on cellular homeostasis of pTat, pAntp and R9 were likely to be minimal; however, TP might have a greater impact. Although it is not yet clear what the long-term significance of the profiling data is with respect to the efficacy of CPPs as carriers, the data clearly show that the five different cell-penetrating peptides have different biological impact.
Not only can CPPs affect protease activity and the metabolic state of cells, but they might also create more global changes. Several studies have shown that gene expression can be affected by CPPs alone. In vivo studies in mouse lung demonstrated a downregulation of p38MAPK when animals were treated with Tat and Antp CPPs. Surprisingly, conjugation of these CPPs to p38MAPK-siRNA did not further attenuate p38 MAPK gene expression (69); it is possible that other genes were also affected, but only p38 MAPK was examined in this study. Waldeck et al. showed that CPPs affect gene expression in HeLa cells cultured in vitro (70) . Four CPPs were examined including the Tat and ANTp peptides studied by Kilk et al. (66) and two additional TP peptides, KKMTRQTWWHRIKHKC and KMTRQTFWH-RIKHKC. As determined by a two-fold up or downregulation, they found that the Antp affected the expression of 19 genes, the HIV-1 Tat peptide affected the expression of 18 genes and the two TP peptides affected seven and eight genes respectively. Further confirming that CPPs can affect gene expression, Kuo et al. examined the global gene expression of U-937 macrophages treated with octaarginine (67). In this case 4386 genes were differentially regulated 0.5 and 4 h after exposure to 10 mM peptide. Although it is unclear how the altered gene expression will ultimately affect the safety and efficacy of drugs that utilize these CPPs for entry into cells, it is clear that the consideration of off target activity must be taken into account when analyzing the results of studies utilizing all CPPs.
Induction of cell surface receptor internalization has also been attributed to CPPs. In a thorough study by Fotin-Mleczek et al., pANT, pTat and R8 were all found to induce TNFR1 and TNFR2 internalization. Internalization occurred primarily through clatherin-coated vesicles (71) . Decrease in TNFR membrane concentration was as great as 40%.
Our own work shows that CPPs can also inhibit kinases (31) . Four CPPs conjugated to a peptide known to inhibit MK2 were evaluated for specificity to MK2 by comparing inhibition of up to 40 different kinases. We found that three CPPs derived from natural heparin-binding peptides, conjugated to an MK2 inhibitor peptide, showed not only varying IC 50 values, but also varying MK2 specificity. A synthetic and optimized version of Tat, with the amino acid sequence YARAAARQARA, conveyed the greatest specificity to our MK2 inhibitor peptide. The YARAAARARA CPP has less positive charge than other peptides tested and also, in general, has a lower hydrophobic content. Thus, it is possible that a combination of positive charge and hydrophobic content is crucial in conveying nonspecific biological activity.
In unpublished results we found that CPPs themselves affected the activity of the MK2 kinase. The Omnia ᭨ Kinase Assay for MAPKAP-K2 kit (Invitrogen) was used to determine the reaction velocity for MK2 in the presence and absence of Tat, synthetic Tat variant (YARAAARQARA) and a novel CPP (WLRRIKAWLRRIKA). The kit contains a proprietary reaction buffer to which the following were added (final concentrations are given): 1 mM ATP, 0.2 mM DTT, 10 mM MAPKAP-K2 Sox-modified peptide substrate, 5 ng MK2, and the peptide inhibitor of interest (final volume of 50 ml). Human MK2 was purchased from Millipore. The reactions were performed at 308C in the wells of a lowprotein-binding 96-well plate provided with the kit, and fluorescence readings (excitations360 nm, emissions485 nm) were taken every 30 s for 20 min using a SpectraMax M5 Spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Reaction velocity was determined for each reaction well from the slope of a plot of relative fluorescence units vs. time. Each inhibitor peptide was tested at four concentrations, 12.5, 25, 50 and 100 mM, in triplicate. The activity of the novel CPP WLRRIKAWLRRIKA was 83"4% greater than the known MK2 inhibitor peptide, KKKALNRQLG-VAA (72) . Tat also inhibited MK2, but to a lesser degree; it was found to inhibit MK2 with 44"17% less activity than the known inhibitor peptide. At the same time, the synthetic Tat peptide variant YARAAARQARA was found to be a poor inhibitor of MK2 and had an IC 50 value greater than 3 mM.
Taken together these studies show that many of the polycationic CPPs can have a variety of unintended biological activities. These range from altering a wide variety of protein functions to affecting gene expression. Importantly, as detailed above, many of the CPPs affect intracrine function. The CPPs are taken up by the cells and then alter cellular function owing to their intracellular activity. In our own studies, broad kinase inhibition led to increased cell death (31). Kloss et al. showed that there was an increase in high molecular mass ubiquinated protein accumulation in HeLa cells treated with polyarginine CPPs (65) . Indeed, many of the unintended biological activities recently seen when treating cells with CPPs are probably owing to altered intracrine function. In future studies, investigators must be aware that these additional biological activities could be affecting the results obtained.
Less well studied with regard to nonspecific activities are the hydrophobic CPPs. Owing to the range of nonspecificity seen with some of the cationic CPPs, additional studies are warranted for all CPPs.
Expert opinion
CPPs have great potential to positively impact both our knowledge of biology and human health. Delivery of otherwise membrane impermeable cargo allows researchers to evaluate the cellular effects of small peptide drugs and proteins, to evaluate the knockdown of proteins through siRNA delivery and to evaluate the overexpression of proteins through gene delivery. Nanoparticles can be introduced into cells for imaging, or drug delivery. A recent search for 'cell penetrating peptide' in Google Scholar resulted in over 45 000 hits, which shows the interest in and impact of this technology.
Although the possibilities for cell-penetrating peptides are great, researchers need to proceed with caution. The expected biological activity of a molecule might be masked or impacted by off-target biological activities. For example, FotinMleczek et al. used CPPs to deliver a proapoptotic peptide; however, they found that when the proapoptotic peptide was delivered using electroporation it was significantly more active than when delivered with CPPs (71) . Further investigation led to the realization that the CPPs were causing TNFa receptor recycling, which decreased apoptosis. Thus, the activity of the CPP itself opposed that of the cargo it was delivering. Only careful analysis of the data and additional investigation identified this opposing behavior and, thus, helped further our understanding of CPPs.
Once the biological activity of the CPP-therapeutic has been well characterized there is vast potential for the use of these peptides for therapeutic benefit. Peptide drugs utilizing CPPs are in clinical and preclinical trials in the area of tumor reduction utilizing a fragment of azurin (73) and for inhibition of dermal scarring utilizing a fragment of the small heat shock-like protein HSP20 (74) . In the case of dermal scarring the peptide has completed phase II clinical trails for dermal scarring and keloid revisions and trial results are pending. The positive results, thus far, for these therapeutics further suggests that CPPs have vast potential in human health.
Outlook
The outlook for CPPs is bright. CPPs have provided the ability to deliver compounds, which were previously excluded from the cell, across the cell membrane. This, in turn, has allowed researchers to ask biological questions that were previously difficult to query. Equally as importantly, CPPs have opened the door to the delivery of proteins, peptides, RNA and DNA into cells in vivo for the treatment of disease.
Highlights
• CPPs can have unexpected biological activity.
• Kinase activity can be affected by the CPP itself.
• Some CPPs can affect proteolytic activity.
• Gene expression is altered by polycationic CPPs.
• CPPs can affect cargo function.
• CPPs can have intracrine effects.
• Future CPP work needs to continue probing for unexpected biological activity which most probably results from altered intracrine function.
